Of note, MoCD is different from isolated SOX deficiency. Both conditions are biochemically and molecularly distinct entities. This article focuses exclusively on patients with MoCD.
Systematic quantitative natural-history data are not available. Shortly after birth, patients with MoCD usually present signs and symptoms such as intractable tonic-clonic seizures, metabolic acidosis, intracranial hemorrhage, exaggerated startle reactions, axial hypotonia, limb hypertonia, and feeding difficulties. 7 Neuronal damage is severe and rapidly progressive as a result of the accumulation of toxic concentrations of sulfite in the brain. 8 Brain imaging studies reveal a diffuse pattern of brain atrophy with arrested development of myelination, evidence of gliosis, and cystic necrosis of cerebral white matter. 9 Microcephaly is common. Dysmorphic facial stigma can be similar to that in patients with perinatal asphyxia. 2 Other observed features of MoCD include dilated ventricles, hydrocephalus, brain hypodensity, brain atrophy, spastic paraplegia, myoclonus, and opisthotonus. 2 Ocular abnormalities include lens dislocation, spherophakia, iris coloboma, nystagmus, and enophthalmos. Cerebral blindness has occurred. 7 The missing cPMP can be produced in Escherichia coli to replace the missing substrate in individuals with MoCD type A. 10 cPMP was experimentally substituted in a few patients, and orphan drug designation was granted to this replacement Purpose: Experimental treatment with substrate replacement was successfully performed in single cases with molybdenum cofactor deficiency type A. The objective of this study was to quantitate the yet undefined natural history in untreated patients to ultimately benefit knowledge in experimental treatments in the future.
Methods: Systematic analysis of published cases with molybdenum cofactor deficiency. The main outcome measures were survival, initial cardinal disease features at onset, and diagnostic delay.
results:
The median survival for the overall population was 36 months. Initial cardinal disease features at onset were seizures (72%) as well as feeding difficulties (26%) and hypotonia (11%). In addition, developmental delay (9%), hemiplegia (2%), lens dislocation (2%), and hyperreflexia (1%) were reported. The median age at onset of the disease was the first day of life; the median age at diagnosis was 4.5 months. The median time to diagnosis (diagnostic delay) was 89 days.
conclusion: Molybdenum cofactor deficiency has its onset during the neonatal period and infancy. There is considerable diagnostic delay. Although seizures were the most frequent initial cardinal sign, molybdenum cofactor deficiency should be considered as a differential diagnosis in patients presenting with hypotonia, developmental delay, or feeding difficulties. The survival data will inform further natural-history and therapeutic studies.
therapy by the US Food and Drug Administration in 2009. As single cases have been treated with cPMP and clinical trials may follow, a thorough understanding of the natural history is indispensable to distinguish short-term and long-term treatment effects from the natural course of the condition. However, the natural history has not been studied quantitatively, and systematic natural-history studies have not been conducted. Ideally, specific therapies for MoCoA would prolong life and maintain neurological function. Death commonly occurs in the neonatal period, and patients who survive that period usually develop encephalopathy and developmental delay, but survival with this condition has never been quantified. 7, 8 Because survival is considered a potential hard end point for clinical trials, we directed our efforts toward the following primary research question: What is the median survival for untreated patients with MoCD reported in the medical literature? In addition, because early diagnosis may be a key factor for a better outcome in the future, understanding current diagnostic gaps and barriers is important. We therefore quantitated diagnostic delay as well as the distribution of leading signs and symptoms of the condition.
MAterIALs And MetHods

Literature review and definitions
We conducted a thorough literature search for "molybdenum cofactor deficiency" in Medline. Initially, 113 publications were identified, all but one of which were in English (the exception was in Spanish). Publication dates ranged from June 1980 to January 2013. Only data from patients with MoCD were included. Patients with isolated SOX deficiency were not included. Publications were analyzed for suitable clinical information by collecting the following variables: age at onset, leading signs or symptoms at onset, age at diagnosis, sex, siblings diagnosed with MOCD, last reported age, whether the patient was dead or alive at that point, genotype, biochemical diagnosis, and neuroradiological findings. If time of onset or time of diagnosis was stated in vague terms (such as during the first week after birth), a conservative interpretation was made (e.g., "during the first week" was considered to be at day 7). Missing data were not imputed. Duplicate reports of the same patients or patients who received treatment with cPMP were excluded. The remaining 82 patients, described in 49 publications, were included in our study.
statistical analysis
Baseline patient demographics and neuroradiological findings were summarized descriptively using patient counts and percentages of the total population. Furthermore, demographic variables, such as gender and genotype, were compared using χ 2 tests for equality of proportions to better describe the overall population. Survival was assessed and defined as the time elapsed between patient birth and time of death. Patient data were censored at the time of last follow-up if the patient was still alive at last contact based on data gathered from each publication. The Kaplan-Meier method was used to describe survival for the entire study population, and the log-rank test was used to evaluate potential differences in survival for patients identified as having MoCD compared with other genotypes. Time to diagnosis was calculated by subtracting the age at diagnosis by the age at onset in a given patient (n = 49). Neuroradiological data were available for 52 of 82 patients. Findings as reported in the respective publications were quantitatively analyzed, whereas findings describing the same pathological entity with different wordings were grouped together.
All analyses were performed using SAS (SAS Institute, Cary, NC). P values reported were two-sided, and those ≤0.05 were deemed statistically significant.
resuLts demographics
We identified 82 children in this study. Of these patients, 70% were classified as MoCD not otherwise specified based on clinical and biochemical diagnosis in the respective reports. The majority of these cases predated the availability of molecular genetic diagnostics. Information on genotype was available for the remaining 30% of the sample. About half of those (i.e., ~15%) were diagnosed with a MOCS1 mutation and 10% and 6% with MOCS2 and GPHN mutations, respectively ( Table 1) . Both sexes were equally represented.
survival analysis
The median survival for the population was 36 months (Figure 1) . At the end of follow-up in each of the case reports, 42 of the patients were alive (51%) and 40 had died (49%). survival distributions are shown in Supplementary Figure S1 online. The survival curves depicted need to be interpreted cautiously because sample sizes of the subgroups were small, and for many patients included in this study no information on genotype was available at all.
Age at onset and time to diagnosis
In the overall group (n = 74), the median age at onset of the disease was 0.03 months, that is, 1 day (mean 2.3 months; range 0.03-26 months). Thirty-eight patients (46%) showed symptoms on their first day of life, eventually leading to diagnosis of MoCD (Figure 3) . Onset of disease within the neonatal period, defined as the 28 days after birth, occurred in 61 patients (73%). The latest reported onset was at age 26 months (2 years 2 months). We calculated the time to diagnosis for each patient (interval between age at onset of first signs or symptoms and the age at diagnosis; Figure 3 ). The median time to diagnosis was 89 days (mean, 18.4 months; interquartile range, 23.7 months; range, 0 days to 211 months; n = 49). The longest reported time to diagnosis was 211 months. The median age at diagnosis was 4.5 months (mean, 21.8 months; interquartile range, 32.4 month; range, 2 days to 228 months; n = 52).
signs and symptoms
We analyzed the distribution of presenting or leading signs or symptoms in the study population ( Table 2 ). The most common symptoms were seizures, as well as feeding difficulties and hypotonia. In addition, developmental delay, hemiplegia, lens issues, and hyperreflexia were reported. Motor development delay could by nature be found only in patients with a disease manifestation later than within the first weeks after birth.
neuroradiological findings
We analyzed the reported neuroradiological findings in the study population (n = 52/82; Supplementary Table S1 online). More than 40% of patients had signs of reduced myelination, enlarged ventricles, cerebral atrophy, and cystic lesions. More than 20% had an atrophy of the corpus callosum, enlarged extra-axial spaces, lesions in the basal ganglia, and cerebellar atrophy.
dIscussIon
MoCD is an orphan neurodegenerative disorder manifesting at birth or during infancy. The condition is of particular interest because a specific therapy, that is, substrate replacement therapy with cPMP, is being developed for the most common subtype: MoCD type A.
The median survival in this cohort was 36 months. The majority of patients presented with a neonatal onset at birth. Some patients had a gradually delayed onset of disease, as one would expect for a neurogenetic condition. Not surprising for a rare metabolic condition, there was a diagnostic gap with considerably delayed diagnosis in some individuals. This may be due to the fact that awareness of this orphan disease is low and that biochemical and molecular testing is not always locally available, which creates diagnostic barriers. In some cases siblings were diagnosed within the first days of life, which emphasizes the importance of the family history. There was no evidence of a separate neonatal or late infantile onset because age at onset showed a gradually increasing distribution pattern. Seizures were the most prominent initial sign in the majority of patients and usually led to a metabolic workup. Some presented with other neurological features, however, such as feeding difficulties, hypotonia, and developmental delay. The nature of signs and symptoms at onset were similar in younger and older patients. Developmental delay was not an isolated symptom in 6 of the 7 cases reported. One patient, reported by Arenas et al., 11 initially presented with developmental delay at the age of 2 years, and lens dislocation was diagnosed at 4 years, while the patient was still seizure-free at the age of 7 years. Therefore, considering MoCD as a differential diagnosis for developmental delay is important; at the same time, we emphasize the importance of an eye examination in the workup. MoCD is a rare disorder, and the condition is probably underdiagnosed because of the relatively difficult clinical suspicion.
The clinical diagnosis of MoCD, often supported by magnetic resonance imaging findings, as shown in Supplementary  Table S1 online, has to be confirmed by biochemical and molecular genetic studies. Metabolic findings in MoCD reflect the pattern of enzyme deficiencies of SOX, xanthine dehydrogenase, and aldehyde oxidase. This includes elevated urinary excretion of sulfate, thiosulfate, S-sulfocysteine, taurine, xanthine, and hypoxanthine. Uric acid is low in plasma and urine. 2, 6, 12 Elevated xanthine and hypoxanthine concentrations provide a better biochemical signal then uric acid concentrations, which are not always severely depressed in MoCD. Of note, xanthine, hypoxanthine, and uric acid concentrations are normal in the phenotypically similar but biochemically and molecularly different disorder of isolated SOX deficiency, which is helpful in the differential diagnostic workup. Elevated concentrations of sulfite in the urine can be identified with a dipstick test. However, this test is a bedside test and is often false negative because sulfite is unstable. A better marker for sulfite metabolism is S-sulfocysteine, which is a stable metabolite. 2 In the present population with available, quantitatively reported urinary S-sulfocysteine data, the concentrations in urine had a median elevation of 30-fold (interquartile range, 10-to 48-fold; range, 2-to 290-fold) (Supplementary Figure S2 online) .
The diagnosis of the precise subtype of MoCD is established through molecular genetic analysis of the MOCS or GPHN genes. 5 Current treatment for individuals with this disorder aims to provide relief of symptoms (e.g., treatment with anticonvulsants for seizures) and support in the care of the patient, such as placement of a feeding tube. Dietary restriction of sulfur-containing amino acids may decrease sulfite excretion but was not able to stop the neurological progression of the disease. 13 With the potential availability of a specific therapy for MoCD type A, early diagnosis becomes important because an early intervention has the potential to deliver a potentially better outcome.
14 In a clinical proof-of-concept experiment using one patient, the missing metabolite cPMP was replaced with a purified compound synthesized in E. coli. In an infant diagnosed at 6 days of life, the daily i.v. substitution with purified cPMP, started on day 36, led to a decrease of urinary disease markers (i.e., sulfite, S-sulfosysteine, thiosulfate), and xanthine as well as uric acid returned to almost normal concentrations, while the child showed clinical improvements in epileptic seizures. 6 A second case of successful E. coli-derived cPMP substitution therapy was recently described by Hitzert et al. 15 This infant was prenatally diagnosed with MoCD type A, birth was induced at 36 + 3 weeks of gestation, and treatment with E. coli-derived cPMP commenced 4 h after birth. Biomarkers normalized within days 2-16. At 21 months, behavioral problems could not be detected. Fine motor, gross motor, and total motor development were normal. Cognitive development was only mildly delayed. Except for three central line infections, the authors reported that no serious drug-related adverse effects occurred. 15 The efficient uptake of cPMP and restoration of molybdenum cofactor-dependent enzyme activities were reported in six other patients by Veldman et al. 16 These newborns had been diagnosed with MoCo type A in utero or at the age of 2-20 days. E. coli-derived cPMP substitution treatment was initiated on days 0-36. Biomarkers of SOX (sulfite, S-sulfocysteine, thiosulfate) and xanthine oxidase deficiency (xanthine, uric acid) returned to almost normal within days. All infants became more alert, convulsions and twitching disappeared within the first 2 weeks, and the electroencephalogram showed the return of rhythmic elements and markedly reduced epileptiform discharges. 16 Schwahn et al. 17 reported the efficacy of long-term E. coli-derived cPMP substitution in two 17 Earlier intervention might deliver better outcomes, but this requires further study. The potential necessity of early treatment would render timely diagnosis crucial.
This study has some limitations. Some cases are not genetically classified because molecular analysis was not available at the time of publication. The analysis is therefore pooled for all types of MoCD. Because all types of MoCD result in the dysfunction of the same three enzymes, there might not be a substantial clinical difference between the different subtypes of MoCD from a pathophysiological point of view, but this statement contains some uncertainty in the absence of a definite proof. Therefore, we provide survival date by (i) MoCD subtypes and (ii) for the pooled group. The survival of more recent cases may have improved by now because the standard of care has changed. Because there are reports from many regions all over the world, the comparison of survival between two different regions may be limited because of different standard of care. However, the presence of global patients enriches the diversity of the database. With the present methodology the analysis of soft end points, such as development, neurocognitive outcome, or quality of life, is very difficult because of the lack of standardized ascertainment and the plethora of available measurement instruments. The analysis of the neuroradiological findings is limited because of the pooling of data that were ascertained at various ages, different methods of imaging and machines, the absence of a centralized blinded reading, and the lack of a standardized protocol. As such, some publications mention only the key findings, whereas others include the complete results. The S-sulfocysteine values depicted in Supplementary Figure S2 online. were assessed in different laboratories. This study is useful, however, in the quantitation of hard end points such as survival time, and therefore these data will be instrumental in planning further clinical research. Other methods for natural-history studies such as questionnaire-based study would entail recall bias. 18 A retrospective chart review may be subject to ascertainment bias, and the evolving standard of care over time is difficult to account for in such a setting. Ideally, the natural history is studied in a prospective way, which implies a long duration. Imaging data should be assessed by standardized protocol and blinded central readers. Whereas biomarkers are useful in the assessment of specific therapies, the availability of laboratory samples renders this feasible in a prospective natural-history setting only. Natural-history data are obtained only once therapy is available, such as in Fabry disease, and this is a common phenomenon. The issues of selection bias, ascertainment bias, and missing data can render the comparison of treatment effects versus natural history difficult. 19 Another approach is the comparison of natural-history patients from a database with treated patients in a matched pair design. 20 In a rare condition such as MoCD, close collaboration among all stakeholders is important because collaborative studies and systematic global data collection become a major effort. As a next step, a global retrospective natural-history study based on chart review will further enhance the understanding of longitudinal hard end points over a long period, whereas a prospective natural-history study can help us to better understand biomarkers and test the feasibility of instruments measuring development, cognition, and quality of life relevant for future therapeutic clinical trials.
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